Toxoplasma gondii is an obligate intracellular parasite. The principal pathogenic form of the parasite is in the tachyzoite stage of the life cycle (10) . Tachyzoites replicate rapidly in all nucleated cells of the intermediate host (14) , and the ability to mount a rapid protective immune response is essential to inhibiting tachyzoite proliferation. The development of both innate and adaptive resistance to this parasite is dependent upon the ability of macrophages and dendritic cells to produce interleukin-12 (IL-12) (40) . IL-12 is critical to the activation of NK cells and the development of Th1 effector cells and stimulates the production of gamma interferon (IFN-␥), which is essential for resistance to this parasite and many other intracellular pathogens (12, 13, 39) .
Biologically active IL-12(p70) is an inducible, heterodimeric cytokine composed of two subunits, IL-12(p40) and IL-12(p35), linked by a disulfide bond (21) . The two subunits are under the control of two separate genes (43) . Regulation of biologically active IL-12(p70) depends upon transcriptional regulation of the gene encoding the IL-12(p40) subunit (23) . Many microbial products that stimulate the production of IL-12(p40) signal through the highly evolutionarily conserved group of Toll-like receptors (TLR) expressed on the surfaces of antigen-presenting cells (6, 26, 38, 47, 49) . Engagement of TLR results in recruitment of the adaptor molecule MyD88 and two serine/threonine kinases, IL-1 receptor-associated kinase (IRAK) and IRAK2, to the receptor complex. These kinases interact with the adaptor molecule TRAF6, which links them to TAK-1 and NF-B-inducing kinase (4) . Phosphorylation of the inhibitory IB proteins by the IB kinase complex results in the activation and nuclear translocation of the NF-B family of transcription factors, which regulate the production of IL-12(p40) (18, 28, 30) . The proximal signaling events in TLR-associated mitogen-activated protein kinase (MAPK) activation are similar to those in TLR-associated NF-B activation and involve MyD88, IRAK, TRAF6, and TAK-1 (5). The MAPKs p38, extracellular signal-related kinase (ERK), and Jun N-terminal kinase (JNK) are serine/threonine kinases that influence the phosphorylation and activation status of multiple transcription factors that regulate key components of the immune response (29, 37) . Furthermore, p38 and ERK have recently been shown to differentially regulate the production of IL-12 and have been implicated in host-mediated resistance to various pathogens. In those studies, bacterial lipopolysaccharide (LPS), lipophosphoglycans from Leishmania, or glycosylphosphatidylinositol anchors from Trypanosoma cruzi induced the phosphorylation of p38 and ERK in macrophages (16, 32, 46) . Using specific inhibitors of MAPK phosphorylation, these studies further showed that pathogen-induced phosphorylation of p38 promoted the production of IL-12, while phosphorylation of ERK inhibited IL-12 production by IFN-␥-primed macrophages.
Recent studies have indicated that early production of IL-12 during toxoplasma infection is dependent on MyD88 (27, 35) . Thus, MyD88 Ϫ/Ϫ mice infected with T. gondii had an 80% reduction in plasma levels of IL-12(p40) during the acute phase of toxoplasma infection, failed to control the parasite burden, and displayed increased susceptibility comparable to that of infected IL-12(p40) Ϫ/Ϫ mice (35) . Furthermore, TLR-2 Ϫ/Ϫ mice infected with a high dose of toxoplasma cysts (300 cysts) produced reduced amounts of IL-12 and IFN-␥ compared to wild-type (WT) controls and died within 8 days of infection (27) . Taken together, these data suggest that T. gondii is likely to signal through TLR and initiate the same proximal signaling events leading to the production of IL-12 as other microbial stimuli.
Although many studies have demonstrated the importance of the NF-B family of transcription factors, in particular cRel, in the regulation of IL-12(p40) production in response to many microbial products which signal through TLR (24, 34) , in vitro and in vivo studies have revealed NF-B-independent pathways for the production of IL-12(p40) in response to T. gondii (8, 24) . Studies from our laboratory have shown that macrophages from NF-B1
Ϫ/Ϫ (unpublished data), NF-B2 Ϫ/Ϫ , c-Rel Ϫ/Ϫ , and RelB Ϫ/Ϫ mice produce normal levels of IL-12(p40) following infection with T. gondii or stimulation with soluble toxoplasma antigen (STAg) (8, 9, 24) . Furthermore, studies have demonstrated that T. gondii infection actively inhibits NF-B activation (7, 41) , suggesting that NF-Bindependent pathways of IL-12 production are essential for host resistance to this pathogen.
The studies presented here were aimed at elucidating the intracellular signaling pathways involved in the production of IL-12(p40) in response to T. gondii. The data demonstrate that TRAF6-dependent activation of p38 MAPK is required for the production of IL-12(p40) in macrophages in response to toxoplasma antigen. Furthermore, these studies indicate that toxoplasma antigen also activates ERK, which leads to the inhibition of IL-12(p40) production, and this may represent a strategy of the parasite to evade early host immune responses.
MATERIALS AND METHODS
Mice and inoculations. WT C57BL/6 mice (age, 4 to 6 weeks) were obtained from the Jackson Laboratory (Bar Harbor, Maine). TRAF6-deficient (TRAF6 Ϫ/Ϫ ) mice have been previously described (22) . Age-and sex-matched mice were inoculated intraperitoneally (i.p.) with 25 g of STAg. STAg was prepared from in vitro-cultured tachyzoites of T. gondii strain RH as previously described (42) .
Antibodies and reagents. Anti-phospho-ERK1/2, anti-ERK, anti-phosphop38, anti-JNK, and anti-phospho-JNK were obtained from Cell Signaling Technology (Beverly, Mass.), and anti-p38 MAPK was obtained from Santa Cruz (Santa Cruz, Calif.). Horseradish peroxidase-conjugated anti-rabbit immunoglobulin G was obtained from Pierce (Rockford, Ill.). MAPK inhibitors specific to the serine/threonine phosphorylation sites of MEK1 (PD98059), p38 (SB203580), p38␤ (SB202190), and a negative control reagent for the MAPK inhibitors (SB202474) were purchased from Calbiochem (San Diego, Calif.).
Macrophage cultures. Bone marrow-derived macrophages (BMM) were prepared as previously described (8) . Briefly, bone marrow cells obtained from C57Bl/6 mice were cultured in complete Dulbecco's minimal essential medium (Invitrogen Life Technologies, Carlsbad, Calif.) containing 10% heat-inactivated fetal bovine serum (U.S. Bio-Technologies Inc., Parkerford, Penn.), 100 U of penicillin/ml (Invitrogen Life Technologies), 10 g of streptomycin/ml (Invitrogen Life Technologies), and 30% L-cell conditioned medium (from L929 cells) at 37°C for 7 days. Splenic macrophages were prepared from the spleens of 2-week-old TRAF6 Ϫ/Ϫ and WT mice. Briefly, the spleens were dissociated in RPMI medium containing 10% heat-inactivated fetal bovine serum, 100 U of penicillin/ml, 10 g of streptomycin/ml, 1 mM sodium pyruvate, 1% nonessential amino acids, and 0.05 mM 2-mercaptoethanol. Erythrocytes were removed by lysis in 0.86% NH 4 Cl. Cells were washed twice and resuspended in complete Dulbecco's minimal essential medium supplemented with 30% L-cell conditioned medium. Cells were cultured at 37°C for 7 days.
Macrophage activation and measurement of IL-12. BMM or splenic macrophages were plated at 4 ϫ 10 5 cells/well in 96-well plates (BD Labware, Franklin Lakes, N.J.) and primed with IFN-␥ (100 U/ml) for 24 h. Cells were then pretreated with PD98059 (10 M), SB203580 (10 M), SB202190 (10 M), or SB202474 (10 M) for 1 h followed by stimulation with purified LPS (Salmonella enterica serovar Typhimurium; Sigma) (100 ng/ml) or STAg (50 g/ml) for 20 h at 37°C under 5% CO 2 . IL-12(p40) levels in culture supernatants and serum were measured by enzyme-linked immunosorbent assay (ELISA) using monoclonal antibody C17.8 and biotinylated C15.6 (grown from hybridomas provided by Giorgio Trinchieri, Wistar Institute, Philadelphia, Penn.) as previously described (8) .
Preparation of cell lysates and Western blot analysis. Cells were plated at 1.2 ϫ 10 6 cells/well in 24-well plates (BD Labware) and activated as described above. Cells were then harvested, washed with Dulbecco's phosphate-buffered saline (Cellgro; Mediatech Inc.), and lysed in HNTG lysis buffer (0.1% Triton X-100, 20 mM HEPES [pH 7.5], 10% glycerol, 150 mM NaCl, 1 mM dithiothreitol) by incubation on ice for 30 min. Lysates were then centrifuged at 13,000 ϫ g at 4°C for 10 min. The protein concentrations of the lysates were determined using the MicroBCA protein assay reagent (Pierce). Cell lysates were resolved on a sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gel and then transferred to a nitrocellulose membrane (Bio-Rad, Hercules, Calif.) using a Trans-Blot Semi-Dry cell (Bio-Rad) according to the manufacturer's instructions. Nitrocellulose filters were then incubated with wash buffer (25 mM Tris [pH 7.5], 500 mM NaCl, 0.1% [vol/vol] Tween 20) containing 5% milk protein for 1 h to block nonspecific protein binding. Primary antibodies were diluted 1:1,000 in wash buffer containing 0.5% milk protein and applied to the filter overnight at 4°C. Following washing, the blots were incubated with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G (diluted 1:5,000 in wash buffer containing 0.5% milk protein) for 45 min at room temperature. Immunoreactive bands were visualized by the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, N.J.). In some experiments, blots were stripped and reprobed. Briefly, nitrocellulose membranes were washed several times in Trisbuffered saline containing 0.1% (vol/vol) Tween. Membranes were incubated at 65°C in enhanced chemiluminescence stripping buffer (2 M Tris, 10% sodium dodecyl sulfate, 14.4 M 2-mercaptoethanol) for 30 min, washed several times in Tris-buffered saline containing 0.1% (vol/vol) Tween, and then reprobed.
Statistics. INSTAT software (GraphPad, San Diego, Calif.) was used for unpaired two-tailed Student's t tests. A P value of Ͻ0.05 was considered significant.
RESULTS
TRAF6 is essential for the production of IL-12 in response to toxoplasma antigen. TRAF6 is an adaptor protein that is rapidly recruited in response to TLR engagement and is involved in the activation of NF-B and MAPK. To determine whether TRAF6 is required for the production of IL-12 in response to STAg, WT and TRAF6 Ϫ/Ϫ mice were injected i.p. with STAg, and serum levels of IL-12(p40) were measured 6 h later. Whereas WT mice showed a significant increase in serum levels of IL-12(p40) in response to STAg injection, TRAF6 Ϫ/Ϫ mice showed no increase in production of IL-12 when compared to controls injected with phosphate-buffered saline (Fig.  1A) . Recent studies have shown that CD8␣ ϩ dendritic cells are the principal source of IL-12(p40) following injection of naïve mice with STAg (31). Since TRAF6 Ϫ/Ϫ mice have a reduced number of dendritic cells in the spleen (22) , this may contribute to the reduction in the amount of IL-12(p40) produced in response to STAg. Therefore, in order to determine whether there is a general intrinsic requirement for TRAF6 in the production of IL-12(p40) in response to STAg, WT or TRAF6 Ϫ/Ϫ macrophages derived from splenic precursors were primed with IFN-␥ for 24 h and then stimulated with either purified LPS or STAg, and then IL-12(p40) production in the (Fig. 1B) . Splenic macrophages were used because of the difficulty in getting bone marrow precursors from TRAF6 Ϫ/Ϫ mice (unpublished observations). In response to LPS, TRAF6
Ϫ/Ϫ macrophages showed a 50% reduction in IL-12(p40) production compared to that of WT controls. In contrast to WT controls, TRAF6
Ϫ/Ϫ macrophages failed to produce IL-12(p40) in response to STAg (P Ͻ 0.005). In these experiments, the priming of macrophages with IFN-␥ was necessary to detect production of IL-12(p40) in response to STAg (data not shown). Taken together, these data indicate that TRAF6 is essential for the production of IL-12(p40) in response to STAg.
Activation of p38 MAPK is required for the production of IL-12 in response to T. gondii. Signaling downstream of TRAF6 diverges into NF-B and MAPK activation pathways. Since studies have demonstrated that individual NF-B family members are not required for the production of IL-12 (8, 9, 24) and STAg failed to activate NF-B in IFN-␥ primed macrophages (data not shown), experiments were performed to assess the role of MAPKs in response to STAg. Therefore, to determine whether p38 and JNK are activated in response to stimulation with STAg, WT BMM were primed with IFN-␥ and stimulated with STAg. Cell lysates were analyzed for phosphorylated p38 and phosphorylated JNK1/2 at varying time points after stimulation ( Fig. 2A and B) . Phosphorylation of p38 occurred within 15 min of stimulation and peaked at 60 min. In contrast, STAg did not induce phosphorylation of JNK1/2. To determine whether p38 phosphorylation was required for the production of IL-12 in response to toxoplasma antigen, BMM were treated with the p38 MAPK inhibitors SB203580 and SB202190 and then stimulated with STAg and IL-12(p40) levels were measured in the culture supernatants (Fig. 2C) . Treatment with the p38 inhibitor SB203580, but not the negative control reagent, SB202474, resulted in a significant reduction of IL-12(p40) production in response to STAg. Furthermore, the specific p38␤ inhibitor SB202190 resulted in a similar reduction of IL-12(p40) production, suggesting that p38␤ MAPK is the principal p38 MAPK required for the production of IL-12(p40) in response to STAg. Similar results were observed with splenic macrophages (data not shown).
Activation of ERK inhibits IL-12 production in response to toxoplasma antigen. Previous studies have shown that microbial stimuli can activate ERK and that this MAPK can inhibit the production of IL-12 (16, 32, 46) . To determine whether toxoplasma antigen also activates ERK, IFN-␥-primed BMM were stimulated with STAg, and cell lysates were analyzed for the presence of phosphorylated ERK1/2. STAg rapidly in- (Fig. 3A) . Furthermore, to determine whether STAg-induced ERK activation inhibited IL-12 production in these cultures, cells were preincubated with the MEK1 inhibitor PD98059, which specifically inhibits ERK phosphorylation, and levels of IL-12 in the culture supernatants were measured by ELISA (Fig. 3B) . The production of IL-12 was significantly increased in the presence of PD98059 (P ϭ 0.03), indicating that toxoplasma-induced activation of ERK inhibits production of IL-12(p40). TRAF6 is essential for p38 and ERK phosphorylation in response to toxoplasma antigen. To determine whether TRAF6 is required for STAg-induced phosphorylation of p38 and ERK, WT and TRAF6 Ϫ/Ϫ macrophages derived from splenic precursors were primed with IFN-␥ and stimulated with either LPS or STAg, and cell lysates were analyzed for the presence of phosphorylated forms of p38 and ERK1/2. WT and TRAF6
Ϫ/Ϫ macrophages stimulated with LPS showed comparable increases in levels of phospho-p38 (Fig. 4A) . In the absence of TRAF6, LPS-induced phosphorylation of ERK1/2 was reduced, although a TRAF6-independent mechanism of ERK phosphorylation was evident (Fig. 4B) . In contrast, whereas WT macrophages stimulated with STAg showed an increase in levels of phosphorylated p38 and ERK1/2, TRAF6 Ϫ/Ϫ macrophages showed no increase in phospho-p38 and phospho-ERK1/2 levels following stimulation with STAg (Fig. 4) . Total levels of p38 and ERK1/2 were comparable in WT and TRAF6 Ϫ/Ϫ splenic macrophages (Fig. 4) . Together, these data demonstrate that p38 
DISCUSSION
The data presented here reveal that TRAF6 is essential for the production of IL-12(p40) by macrophages in response to STAg. Furthermore, as CD8␣ ϩ dendritic cells are the primary source of IL-12 production following inoculation with STAg (31), our in vivo results suggest that there is an intrinsic requirement for TRAF6 in IL-12 production by CD8␣ ϩ dendritic cells in response to STAg, although the reduced number of splenic dendritic cells in TRAF6 Ϫ/Ϫ mice may also contribute to the observed decrease in production of IL-12(p40) in vivo. These studies help to define the signaling pathway initiated by STAg and, based on the present understanding, place TRAF6 downstream of MyD88. However, other pathways are also involved, and MyD88-independent production of IL-12 during toxoplasma infection is thought to occur via G-proteincoupled signaling downstream of the chemokine receptor CCR5 (1, 2, 35) . CCR5
Ϫ/Ϫ mice infected with an avirulent strain of T. gondii produced 50% less IL-12(p40) than WT controls and failed to control the parasite burden (1). Dendritic cells from these mice also produced 60 to 75% less IL-12(p40) than WT dendritic cells following stimulation with STAg. Furthermore, defects in STAg-induced IL-12(p40) production were even more profound in dendritic cells from Gi␣2 Ϫ/Ϫ mice, indicating the importance of small-G-protein signaling in the production of IL-12(p40) in response to toxoplasma antigen (2) . Thus, the data presented here showing the complete absence of STAg-induced IL-12(p40) production by TRAF6 Ϫ/Ϫ mice suggest that both MyD88 and G-proteincoupled signaling pathways, required for the production of IL-12 by T. gondii (35) , are dependent on TRAF6. Indeed, recent studies have revealed that the small G protein Ras lies downstream of TRAF6 and participates in IL-1-induced p38 MAPK activation (25) . Presently, it is unknown which components of STAg induce IL-12 production by macrophages. Recent studies indicate that different components of STAg induce the production of IL-12 in different cell types; toxoplasma cyclophilin (C-18) induces IL-12 production by dendritic cells (3), while an unidentified toxoplasma component distinct from C-18 is responsible for inducing IL-12 production by neutrophils (11) . Although the parasite molecule responsible for the TRAF6-dependent production of IL-12 by macrophages is unknown, recent studies have demonstrated that it is likely to signal via TLR2 (11) .
TRAF6 is an important adaptor molecule involved in TLR signaling pathways leading to MAPK activation (25) . The data presented here show that stimulation of macrophages with LPS results in TRAF6-dependent and -independent phosphorylation of p38 and ERK. In contrast, STAg-induced activation of p38 and ERK in macrophages is entirely dependent on TRAF6. Furthermore, studies presented here using specific inhibitors of p38␤ reveal that TRAF6-dependent phosphorylation of p38␤ is essential for the production of IL-12(p40) by macrophages in response to STAg. In addition, the finding that toxoplasma-induced IL-12 production by WT macrophages is almost completely abolished by p38 inhibitors further supports studies which indicate that toxoplasma-induced production of IL-12 is independent of NF-B.
Although the exact mechanism by which p38 MAPK promotes the production of IL-12(p40) is undetermined, it is known to phosphorylate transcription factors, such as IRFs, C/EBP, ETS, and NF-B that bind to the IL-12(p40) promoter and influence its activity (15, 45, 48) . However, recent studies in LPS-stimulated macrophages have shown that neither p38 nor ERK influences the binding of NF-B complexes (p50/p50, p50/c-Rel, and p50/p65) or the F1 complex (containing the transcription factors c-Rel, IRF-1, and GLP109) to the IL-12(p40) promoter (16) . Given that the transcription factors ICSBP and IRF-1 are required for the production of IL-12 in response to T. gondii infection (33, 36) , it is tempting to speculate that p38 MAPK may promote IL-12(p40) production indirectly, via its effects on these transcription factors and their binding to the IL-12(p40) promoter.
The MAPK subfamilies are known to differentially regulate the production of IL-12 in response to LPS (16, 17) . Stimulation of macrophages with LPS results in phosphorylation of p38, ERK, and JNK, and complex cross talk between the p38 and ERK pathways regulates the production of IL-12. For example, ERK acts to down-regulate p38 activation by inducing MKP-1, which binds to the carboxyl terminal of p38, decreasing its effect on IL-12 transcription (19) . Furthermore, phospho-ERK also induces the production of IL-10, which suppresses IL-12 production (46) . The studies presented here reveal similarity in the differential regulation of IL-12(p40) production in macrophages by p38 and ERK in response to STAg. Interestingly, other parasitic stimuli, such as Leishmania lipophosphoglycan and T. cruzi glycosylphosphatidylinositol, also inhibit the production of IL-12 by macrophages by activating ERK and down-regulating p38 activation (16) . Furthermore, recent studies have shown that invasion of human and mouse monocytes with T. gondii tachyzoites triggers the phosphorylation of p38, JNK, and ERK (20, 44) . Thus, activation of ERK and inhibition of IL-12 production, like inhibition of NF-B activation, may represent parasite strategies to avoid or delay activation of the immune response, providing a window of opportunity for the parasite to establish infection. These findings suggest that therapeutic inhibition of ERK activation during T. gondii infection may promote IL-12 responses and inhibit parasite replication.
